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Abstract 
Over the last decade, research has been conducted to investigate the use of triboluminescence (TL) as the active element for impact 
sensors.  TL is defined as the emission of light produced by mechanical action.  For the last decade, the authors has obtained extensive 
experience in characterizing TL and has successfully measured it during impacts with speeds of 1 m/s to about 5.6 km/s.  For the most 
part, zinc sulfide and europium dibenzoylmethide triethylammonium (europium tetrakis) compounds have been used as sample materials, 
since both emit strong TL.  Recent ballistic results also show there is a ~1 nm shift in the triboluminescent peak wavelength between the 
high speed 30 caliber and low speed 9 mm projectiles augmented with ZnS:Mn powder.  In fact, the 9 mm peak wavelength for 
triboluminescence is similar to what was found in earlier measurements.  More significantly, collected results also show that the 
triboluminescent emission yield for ZnS:Mn appeared to be a function of speed for collisions up to 6 km/s using a two-stage light gas gun.  
These research programs expanded the knowledge base for using TL as the active element for sensors to detect high-speed impacts. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society. 
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1. Research basis 
There are a number of techniques currently being used to detect and monitor damage for civilian or military structures 
and aircraft. However, the major drawbacks of these current techniques are that they do not provide in-situ and/or 
distributed sensing [1].  In addition, the associated expense generated from periodic nondestructive inspections can be quite 
high for aerospace structures or aircraft and nearly impossible for space structures. 
Impact sensors based on triboluminescence might be able to overcome these challenges as they have the potential for 
remote detection that can enable real time continuous monitoring [1].  Triboluminescence (TL) is defined as the emission of 
cold or non-thermal light produced by mechanical action [2].  In recent years, triboluminescent materials have been 
proposed for use as the active element in smart sensors [1-8]. To sense damage, triboluminescent materials would be 
embedded into the structure. If damage occurs to this structure during the application of stress or through an impact, the 
embedded triboluminescent material would emit light [1-8]. This light could be transferred by lightweight fibers or wireless 
detector to a computer-based detection system to warn occupants in real-time that a significant impact event has occurred. 
In addition, the triboluminescent based sensor could allow for real-time monitoring of both the magnitude and location of 
damage with influence to the host structure. 
2. Technical background 
In 1888, Wiedemann and Schmidt defined TL as the emission of cold (non-thermal) light produced by mechanical action 
[2-6]. Over a century later, the scientific world has yet to fully understand triboluminescent emission. It is believed that 
triboluminescent emission is associated with an asymmetric crystal structure. Crystal bonds are broken along planes with 
Available online at www.sciencedirect.com
 013 The Authors. Published by Elsevier Ltd.
Selection and peer-review under responsibility of the Hypervelocity Impact Society
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND lic ns .
393 William A. Hollerman et al. /  Procedia Engineering  58 ( 2013 )  392 – 400 
opposing charge. When they re-connect, light is emitted as the charges pass through the separation created from the fracture 
[2-6]. Other potential sources of TL exist, but they are not well understood. It is possible to state that abrupt charge 
separation occurs during triboluminescent emission; however, the exact mechanism is material dependent and not well 
understood [2-6].  Triboluminescent emission is observed in approximately 30% of known organic and 50% in inorganic 
crystals respectively [2-6]. Old fashioned Wint-O-Green® Lifesavers are a common example of a triboluminescent material. 
If these lifesavers are crushed in the mouth in a darkened room, it is possible to observe a blue flash of light. The 
triboluminescent spectrum measured by Sweeting et al. shows a 400 - 500 nm broadband emission from the methyl 
salicylate [5-6].  In addition, nitrogen lines due to sparking occur near 350 nm [5-6].  It should be noted that modern Wint-
O- -O-Green® 
Lifesavers or similar candies.  
Since the discovery of TL, considerable amount of work has been done to characterize materials, mechanisms, and 
possible applications of TL. One such work occurred in 1999 when Sage and Geddes patented a design for a sensor capable 
of discerning the locations of impacts [7]. To sense damage, triboluminescent materials are embedded in a composite host 
structure for a variety of applications. When the damage/fracture occurs in the host composite structure, it will lead to the 
fracture of the triboluminescent crystals resulting in light emission. This emission will be captured using cameras or other 
light detectors. Once captured, the data can be analyzed in real time using LabVIEW or similar software. With a calibrated 
material, the magnitude and location of the impact can be determined. If severe, this system can alert the crew thereby 
possibly saving lives.  
3. Impact detection 
Current techniques do not provide in-situ and/or distributed sensing. In addition, the associated expense generated from 
periodic nondestructive inspections can be quite high for aerospace structures or aircraft and nearly impossible for remote 
lunar habitats. As a result, there is no way to monitor structures in real time much less alert the crew that damage has 
occurred to the structure.  
Triboluminescent-based impact sensors have the potential to reduce the chance for catastrophic vehicle failures. These 
sensors should able to provide real-time monitoring of impacts, specifically providing detailed information on the 
magnitude and location of the event. These sensors should improve response to impact incidents in terms of making repairs, 
reducing time lost for personnel, equipment, and structures will also be a bonus. In addition, these sensors will make space 
habitats and equipment safer, reducing the need for inspections in dangerous conditions. The cost and weight of each sensor 
must be determined; however, this effect should be small with good design and the use of mature technology.  It is expected 
that there will be little weight gain due to the triboluminescent material being applied to the surface. As a result, no paint or 
protective covering is needed. In addition, the extra sensor weight from the camera or device will be replaced by the 
removal of other sensors that are no longer required due to the impact sensor. This results in a sensor being added that keeps 
the cost and weight the same, while providing real time impact monitoring something that is currently not possible with 
pecting structures will be greatly reduced. No longer will it require 
teams of people using millions of dollars worth of equipment to slowly inspect each structure. Instead, the sensors will do 
the work of hundreds of people and require little if any downtime. Thus saving millions of dollars in equipment, time 
inspecting and structure downtime, as well as personnel cost. 
4. Research results 
During the last decade, the authors have extensive experience in characterizing triboluminescence during impacts at 
speeds of 1 m/s to about 5.6 km/s.  The authors have also experience in growing micro-grained and nano-grained 
triboluminescent materials such as ZnS:Mn and europium dibenzoylmethide triethylammonium (EuD4TEA).  An overview 
of this research is discussed in the sections that follow.   
4.1. Low energy/low speed impact tests 
In order to establish the viability of the technique, the brightness of the luminescence must be sufficient for reliable 
detection of impact events. An initial analysis was completed to determine the detectability for low energy/low speed 
impacts. These results can be used to understand triboluminescent physics and to select the best possible active materials.   
Beginning in 2003, research was conducted to induce TL from a low energy/low speed impacts using a drop tower 
similar to that shown in Fig. 1 [8-15].  It was made from 0.75 inch (19 mm) medium density fiberboard, 0.25 inch (6 mm) 
plexiglass sheet, and 1.25 inch (32 mm) PVC pipe. The pipe has holes drilled in measured increments of 2 inches (5 cm). 
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These holes are used to place a pin that holds a 1.25 inch (32 mm) diameter steel ball bearing (130 g), and serves as the 
release mechanism.  For these measurements, balls were dropped from a distance of 42 inches (1.1 m). 
A small quantity of a sample powder is placed in a small pile on a plexiglass plate about the center of the tube. After each 
test, the tube is removed, the drop mass is cleaned, and the powder is redistributed near the center of the target area. A small 
piece of PVC in the tower base is used to form the powder back into an even layer. 
To measure the triboluminescent emission yield, a photodiode or other light detector is placed under the plexiglass plate. 
A linear amplifier is used to increase the magnitude of the resulting photodiode signal. An oscilloscope then records the data 
in single-sequence mode. A custom LabVIEW code was used to calculate the relative emission yield by integrating the 
triboluminescent oscilloscope trace with time. Differences in sample mass between the organic and inorganic samples were 
corrected in LabVIEW. An average triboluminescent yield was calculated from data collected over five drops. 
A 130 g ball bearing was dropped through varying distances on to a small pile of 7.5 μm diameter ZnS:Mn powder. A 
series of drops would start with one from the maximum height of 42 inches or 1.1 m.  The triboluminescent emission was 
viewed from underneath by a photomultiplier, photodetector, or spectrometer producing a strong signal.  An example 
triboluminescent emission spectrum for ZnS:Mn collected using a powdered sample and the drop tower is shown in Fig. 2. 
 
 
Fig. 1.  Schematic diagram of a drop tower used to measure triboluminescent yields for selected materials [11]. 
 
 
 
Fig. 2. Plot showing an example triboluminescent emission spectrum for ZnS:Mn collected using a powdered sample and the drop tower. The peak 
wavelength is 585 nm, which is the same as was measured using ultraviolet light or other methods of excitation [8-11]. 
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In order to determine how TL yield changes with impact energy, only the first two values of each drop height was 
averaged for the EuD4TEA and the first five drops were averaged for ZnS:Mn samples. Error in this case was estimated 
using the standard deviation of the mean for the triboluminescent yield and 5% estimated error for the energy. The change 
in TL between the two EuD4TEA drops is smaller and more comparable to what was observed for ZnS:Mn over five drops. 
Results from this research are shown in Fig. 3 [12]. Due to this being a relative measurement, all data was normalized to the 
6 inch (0.1944 J) 8.5 μm Zns:Mn TL yield result [12].  The data for ZnS:Mn exhibits a region where TL yield experiences a 
rapid linear increase from 0.06 to 0.19 J, which  corresponds to drop heights of 2 to 6 inches.  Due to experimental 
uncertainty, the triboluminescent yield does not appear to be a function of ZnS:Mn grain size for energies less than or equal 
to 0.19 J [12].  Above 0.19 J, the TL yield continues to increases linearly; however, it is at a much slower rate [12].  The 
reason for this could be that for the lower energy impacts, there is not enough energy to break all the grains of powder. 
However, above 0.19 J, there is sufficient energy to break all the grains in the area of impact [12].  For impacts with 
energies above 0.8 J, the triboluminescent yield for 8.5 μm ZnS:Mn powder is statistically larger than the equivalent data 
for the 24.1 and 30 μm samples [12].  It is possible that the methods used to manufacture these larger grain size samples 
play a significant role in the triboluminescent yield.  Additional research should be completed to better understand this 
phenomenon. 
Results from Fig. 3 indicate the triboluminescent yield from impacts with the EuD4TEA samples are significantly 
brighter than those observed from any ZnS:Mn powders over the tested range of kinetic energies.  In addition, the increase 
in TL does not appear to be linear [12]. Differences in TL collection efficiency is not important since everything was 
normalized to the ZnS:Mn yield. The emission peaks for ZnS:Mn and EuD4TEA are relatively close in wavelength (only 
about a 30 nm difference between main peaks) and thus have about the same detection efficiency for common silicon 
detectors. 
The results shown above utilized ZnS:Mn as the active triboluminescent material. ZnS:Mn is one of the brightest 
inorganic triboluminescent materials known.  Table 1 shows a comparison of the triboluminescent yields for twenty-two 
luminescent materials [13].  These materials were either purchased from Phosphor Technology, Limited of Great Britain 
(PT-GB) or synthesized at AAMU. EuD4TEA is a bright triboluminescent material that can be seen in daylight, the yield is 
two times larger than that for ZnS:Mn as shown in Table 1. In addition, as the table shows, doping EuD4TEA can increase 
the TL significantly [13]. Additional research is needed in order to determine which dopant materials and concentrations 
produce the brightest material. 
 
 
 
Fig. 3.  Plot of TL intensity as a function of impact energy for EuD4TEA and ZnS:Mn [12]. 
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4.2. Medium energy/ballistic speed impact tests 
An initial proof-of-concept test was completed to determine if TL could be observed from medium energy or ballistic 
speed impacts.  Here, powdered triboluminescent material was added to the projectile and shot against an aluminum plate at 
a speed of 70 m/s using a common pneumatic launcher (potato gun).  A total of 25 g of ZnS:Mn powder was added to the 
cavity of a 40 mm diameter plastic egg with a foam filler.  The overall mass of the augmented projectile was 30.4 g.  A 
NAC GX-1 high-speed camera with a 50 mm lens was used to image the impact.  The camera was positioned 8.2 m from 
the impact point using a frame rate of 1,500 Hz.  A video was captured in twilight to increase the contrast between the TL 
signature and ambient light reflecting off of the powder.  Fig. 4 shows still images taken from the resulting video as a 
function of time after the impact.  A mirror positioned next to the target holder allowed both front and side views of the 
impact to be collected simultaneously. A side view of the impact zone is shown on the left side of each frame.  Conversely, 
the front view of the impact zone is shown on the right side of each frame.  A relatively large yellow-orange light flash is 
observed in video frames out to 7.3 ms after the impact, as TL is produced when the ZnS:Mn powder reacts with the 
aluminum target.  Comparing the side images show that TL is produced no more than 50 mm above the impact point, since 
each black and white scale bar is approximately 25 mm wide.  The front view images show the TL is emitted over a region 
that is about 160 mm wide, which is about four times the diameter of the original plastic projectile.  This preliminary 
research shows that TL from ZnS:Mn can be observed for medium energy or ballistic speed impacts.  It is anticipated that 
triboluminescent yield should be a function of impact kinetic energy. 
 
Table 1.  Comparison of the triboluminescent yields for twenty-two materials as measured with a drop tower [13]. 
 
Base 
Material 
Sample 
Mass (g) 
Lot 
Number Manufacturer 
Grain 
Size (μm) 
Yield 
Ratio* 
ZnS:Mn 
1/0.1 15248 PT-GB 7.5 1.000/1.000* 
1 17112 PT-GB 8.5 1.223 
1 19252 PT-GB 8.5 1.092 
1 20223 PT-GB 10.5 1.107 
1 20056 PT-GB 11.5 0.004 
1 20054 PT-GB 16.2 0.127 
1 09029 PT-GB 19.8 1.766 
1 20131 PT-GB 24.1 1.023 
1 19275 PT-GB 30.0 0.982 
ZnS:Cu 
1 19017 PT-GB 2.9 0.005 
1 14159 PT-GB 9.0 0.056 
1 19018 PT-GB 30.0 0.019 
ZnS:Mn,Cu 
 
1 19010 PT-GB 21.9 1.130 
1 19010 PT-GB 22.0 1.519 
1 20267 PT-GB  1.585 
1 20268 PT-GB  1.337 
1 20269 PT-GB  1.038 
1 20270 PT-GB  1.496 
ZnS:Cu,Pb 1 15027 PT-GB 19.0 0.034 
ZnS:Cu,Pb,Mn 1 17002 PT-GB 19.3 1.017 
EuD4TEA 0.1 3 AAMU  2.063 
EuD4TEA +  
1.25 mL DMMP 0.1 10 AAMU  3.196 
 Ratio based on the triboluminescent light yield for both the 1 g and 0.1 g samples of 7.5 μm ZnS:Mn set equal to 1.000. 
 
The triboluminescent emission spectrum for ZnS:Mn collected during a ballistic speed impact was measured using the 
method as described in References 14-15.  The test began by firing a single 9 mm projectile augmented with a small amount 
of ZnS:Mn powder into an aluminum target. The resulting triboluminescent spectrum was collected using a Celestron Regal 
65 F-ED finder scope, Ocean Optics S2000 spectrometer, and laptop computer. This process was repeated until ten runs 
were recorded, each with one spectrum being generated per round.  Later, the emission spectrum and total emitted light 
yield were determined using a specially written LabVIEW program.   
Later, this process was repeated using ZnS:Mn augmented 30 caliber ammunition.  Due to the penetrating power of a 
high energy 30 caliber projectile, a one inch thick steel plate was placed in front of the aluminum target. To protect the 
equipment and users from impact back splatter, shields where placed in front of the measurement apparatus.  A total of ten 
30 caliber projectiles were fired for this test.  However, only two ZnS:Mn triboluminescent spectra where recorded, due to a 
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layer of condensation on the optics. The average emission wavelength was 588.3 ± 1.2 nm [15].  Fig.ure 5 shows example 
emission spectra generated when 9 mm and 30 caliber ammunition augmented with ZnS:Mn powder impact a target plate. 
Table 2 shows the results.  The average speeds for the augmented 9 mm and 30 caliber projectiles were 420 m/s and 
915 m/s respectively.  There appears to be ~1 nm shift in the triboluminescent peak wavelength between the 30 caliber and 
9 mm projectiles augmented with ZnS:Mn powder [15].  The higher energy 30 caliber augmented projectiles have a peak 
wavelength for triboluminescence that is about 1 nm longer (lower in energy) than the equivalent data measured for the 
lower energy 9 mm ammunition augmented with ZnS:Mn powder.  In fact, the 9 mm peak wavelength for 
triboluminescence is similar to what was found in earlier measurements [8-15]. This result is statistically significant and is 
analogous to the shift measured by Koda et al. [16].  Additional research is needed to further quantify this phenomenon. 
 
Table 2.  Resulting augmented 9 mm and 30 caliber projectile data and peak triboluminescent wavelength comparison [15]. 
 
Projectile 
Type 
Number of 
Projectiles 
Average Fired Projectile 
Mass (g) 
Average Projectile 
Kinetic Energy (J) 
Average Projectile 
Speed (m/s) 
Average Peak 
Wavelength (nm) 
9 mm 10 5.83 ± 0.03 514.6 ± 9.1 420 ± 10 586.1 ± 0.1 
30 caliber 2 8.32 ± 0.01 3481.9 ± 137.3 915 ± 36 588.3 ± 1.2 
 
 
 
Fig. 4.  Individual frames showing TL captured by the NAC GX-1 high-speed camera at 1,500 Hz from a distance of 8.2 m using a 50 mm lens.  The 
images have been digitally zoomed to the region of interest.  Notice that triboluminescent signature expands as the intensity decreases which is caused by 
the dispersion of the luminescent material.  
 
 
 (a) 9 mm (b) 30 caliber 
   
Fig. 5.  Example triboluminescent emission spectra generated from the impact of the: (a) 9 mm and (b) 30 caliber ZnS:Mn augmented ammunition with an 
aluminum target plate [15].  These spectra were measured remotely using a small Celestron finder telescope. 
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4.3. High energy/High speed impact tests 
From 2004 to 2006, the authors completed a high-speed TL research program using the two-stage light gas gun located at 
the NASA Marshall Space Flight Center (MSFC) in Huntsville, Alabama to measure the triboluminescent properties of ZnS 
doped with Mn and Cu [17-18].  Triboluminescent targets were made from thick aluminum plate.  A paint containing ZnS 
powder was applied to a small area on one side of each plate.  
To capture a triboluminescent event, two silicon detectors were placed in the impact chamber, with their output running 
into identical amplifiers before the signal was displayed on an oscilloscope.  It was found that common rubber PVC pipe 
adapters available in any hardware store would fit around the detectors to shield them from muzzle flash.  The second 
unshielded detector was used to trigger the oscilloscope. 
A total of nine shots with useful data were taken at various impact velocities and were used to construct the results and 
conclusions of this research.  Table 3 shows the break down of these nine shots in terms of test date, tested triboluminescent 
material, impact speed, measured triboluminescent decay time, and the measured integrated triboluminescent yield in 
arbitrary units [17-18].     
Earlier low speed research had sought a method to quantify detector output from triboluminescent emissions.  Numerical 
integration of the photodiode output was selected as the preliminary comparison of the emission data.  In the cases where 
the quality of data was poor or uncertai
such, only the exponential component of the recorded TL was analyzed.  The time domain of the fit and the integration was 
conducted from the maximum along the decay to one millisecond after the maximum.  A 1 ms integration time was selected 
since it was approximately three times the decay time at room temperature.  Additionally, 1 ms is also the time required for 
ZnS:Mn to decay to a tenth of its initial value. 
Table 3 shows the resulting ZnS:Mn decay times calculated using fits from the experimental data.  The average decay 
time for the hypervelocity-induced TL for ZnS:Mn was measured to be 292 ± 58 μs [17-18].  This decay time agrees with 
earlier published decay time measurements that used both impacts and ultraviolet light as excitation sources [8-13].  These 
results serve to confirm that the events measured were indeed triboluminescent. 
Once hypervelocity impact-induced TL was reliably observed and measured, it was desired to observe the relationship 
between impact energy and yield.  Such dependency would suggest the possibility of discriminating impact energy by 
observing TL.  As such shots were taken to intentionally vary the speed of the impact.  Data was collected for ZnS:Mn at 
impact velocities of 3.3, 4.7, and 5.6 km/s. 
 
Table 3.  Resulting data collected at MSFC showing the material, projectile speed, decay time, and integrated TL production during selected hypervelocity 
shots [17-18]. 
 
Test 
Date 
Tested Triboluminescent 
Material 
Speed 
(km/s) 
Decay 
Time (μs) 
Integrated Yield  
(Arbitrary Units) 
December 2004 
 ZnS:Mn  
5.55 ± 0.55 336 5.835 
4.76 ± 0.48 274 11.65 
5.55 ± 0.55 315 1.923 
 March 2005 4.76 ± 0.48 IS 0.714 
August 2005 
ZnS:Mn  
5.55 ± 0.55 
 
175 4.348 
ZnS:Cu IS 0.698 
0.485 
January 2006 ZnS:Mn 3.33 ± 0.33 
143 1.311 
IS 0.828 
4.76 ± 0.48 508 1.711 
IS = Insufficient Statistics Average Decay Time (μs) 292 ± 58  
 
To analyze these shots, the plots of time dependent light intensity were numerically integrated by a computer for 1 ms 
after the peak triboluminescent yield.  The resulting integrated triboluminescent yield ratio for ZnS:Mn as functions of both 
iboluminescent yield at a given 
impact speed divided by the equivalent integrated emission at 3.3 km/s.  The average integrated light intensity of the 
4.7 km/s impacts was measured to be about 6.2 times greater than the 3.3 km/s impacts, and the average integrated light 
intensity of the 5.6 km/s impacts was measured to be about 4.8 times greater than the 3.3 km/s impacts [18].  Both the 4.7 
and 5.7 km/s impacts were statistically more luminous than the 3.3 km/s impact [18].  Due to statistics, it is not possible to 
determine the exact nature the dependence of triboluminescent emission on impact energy or speed.  However, it can be said 
that TL does depend on impact energy and thus speed. 
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Projectile Speed (km/s) 
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Fig. 6. Plot of the measured triboluminescent yield 
impact speed divided by the equivalent integrated emission at 3.3 km/s [17-18]. 
 
While the majority of this research has concerned itself with ZnS:Mn as the active material, this is by no means the only 
material that could be considered.  Two shots were made at 5.6 ± 0.6 km/s with ZnS:Cu paint samples prepared in similar 
fashion to what was used for ZnS:Mn.  Results show that the average triboluminescent light yield from the two ZnS:Cu 
paint samples was 11% of what was measured for ZnS:Mn at 5.6 ± 0.6 km/s. 
Results clearly show that hypervelocity impact induced TL was observed for both ZnS:Mn and ZnS:Cu. For ZnS:Mn, TL 
produced  during 4.7 and 5.7 km/s impacts were statistically more luminous than was observed from similar data collected 
at 3.3 km/s.  The TL decay time for ZnS:Mn was found to be 292 ± 58 μs, which is totally consistent with earlier 
measurements that did not use impact as an excitation source.  Further, the emission of TL from ZnS:Mn undergoing 
hypervelocity impact has been demonstrated to have a significant component at the known peak emission wavelength of 
ZnS:Mn of 585 nm.  Small triboluminescent emission generated as a result of hypervelocity impact was also observed from 
ZnS:Cu.  The most intriguing conclusion from this research is that it is possible to discriminate impact speed by measuring 
the time-integrated luminosity of TL materials.  An ability to measure the speed for a projectile is a significant indicator of 
the potential usefulness for this concept for use as an impact sensor in future spacecraft or structures. 
5. Conclusions 
Results from this research have shown that TL can be detected from impacts with speeds of 1 m/s to 5.6 km/s. A 
selection of inorganic zinc sulfide compounds along with organic europium tetrakis has been found to emit strong TL during 
impacts.  It is quite likely that a practical triboluminescent impact sensor can be designed and built from some of the tested 
materials.  Additional research and development is needed to move the triboluminescent sensor from these bench scale 
successes to a working product in the field. 
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